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Abstract 

We study D'^ — mixing in the presence of a fourth generation of quarks. In 
particular, we calculate the size of the allowed CP violation which is found at the 
observable level well beyond anything possible with CKM dynamics. We calcu- 
late the semileptonic asymmetry asL{D) and the mixing induced CP asymmetry 
r]fSf{D) which are correlated with each other. We also investigate the correlation 
of r)fSf{D) with a number of prominent observables in other mesonic systems like 
e'/e, BriKL tt'^uv), Br(K+ tt+i/P), Bt{Bs Br(Srf IJL^ H~) and 

finally S^(j,{Bs) in the Bg system. We identify a clear pattern of flavour and CP 
violation predicted by the SM4 model: While simultaneous large 4G effects in the 
K and D systems are possible, accompanying large NP effects in the B^i system are 
disfavoured. However this behaviour is not as pronounced as found for the LHT 
and RSc models. In contrast to this, sizeable CP violating effects in the Bg system 
are possible unless extreme effects in r]fSf{D) are found, and Br(i?s — > A*"*"/^") can 
be strongly enhanced regardless of the situation in the D system. We find that, 
on the other hand, S.^^{Bs) > 0.2 combined with the measured e'/e significantly 
diminishes 4G effects within the D system. 



1 Introduction 



The addition of a sequential fourth generation (4G) of quarks and leptons to the SM 
(hereafter referred to as SMS) is undoubtedly one of its simplest extensions. Reviews 
and summary statements of the thus extended model (hereafter referred to as SM4) can 
be found in (l][2]. While not addressing any of the known hierarchy and naturalness 
problems, if present in nature a 4G is likely to have a number of profound implications 
as clearly seen in the most recent literature. In particular during the last years, a number 
of analyses were published with the goal of investigating the impact of the existence of 
a 4G on Higgs physics |3||4], electroweak precision tests [3||5]-[8], renormalisation group 
effects [9,10 and flavour physics [T,ll 21 . Also detailed analyses of supersymmetry in 
the presence of a 4G have recently been performed in 22 , 23 , where a good up to date 
collection of references to papers on the SM4 is contained in the second of these papers. 

From the point of view of flavour changing neutral current (FCNC) processes, the SM4 
is particularly interesting since, although it introduces non-Minimally Flavour Violating 
(MFV) interactions, it contains much fewer parameters than other New Physics (NP) 
scenarios like the Littlest Higgs model with T-parity (LHT), Randall-Sundrum (RS) 
models or the general MSSM. Moreover, the fact that the operator structure, similarly 
to the LHT model, is not modified with respect to the SMS, implies that the non- 
perturbative uncertainties in the SM4 are at the same level as in the SMS. On the 
other hand, the absence of tree level contributions to FCNC processes, in particular 
to particle-antiparticle mixing, and the absence of left-right operators allows to satisfy 
the experimental constraint from the CP violating parameter more easily than this 
is possible in RS models. Finally, the non-decoupling effects of the 4G fermions and 
the fact that the masses of new fermions are accessible easily to the LHC allows us to 
expect that these NP scenario can be simultaneously tested by high energy and flavour 
experiments. 

In 20 we have performed a detailed analysis of non-MFV effects in the and 
Bg systems in the SM4, paying particular attention to correlations between flavour ob- 
servables and addressing within this framework a number of anomalies present in the 
experimental data. Similarly to the LHT model, the RS model with custodial symme- 
try (RSc) and supersymmetric flavour models which have been analysed in 24-29 , we 



have found that the SM4 can strongly violate correlations between various observables 
characteristic for models with MFV and in particular with Constrained Minimal Flavour 
Violation (CMFV). At the same time it is still possible to satisfy all existing data on 
flavour violating processes and electroweak precision observables. 

Probably the most striking signature of the SM4, compared to the LHT, RSc and 
SUSY flavour models, is the possibility of having simultaneously sizeable NP effects in 
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the K, Bd and Bs systems, even if truly spectacular effects are only possible in rare K 
decays. The prominent exception is S^^{Bs) which can also be enhanced by more than 
an order of magnitude — although the imposition of the e' /e constraint has significant 
impact on the size of this enhancement. This different pattern can be traced back to 
the fact that the mass scales involved in the SM4 are generally significantly lower than 
in the LHT and in particular in the RSc. Also the non-decoupling effects present in the 
SM4 which are absent in the LHT, RSc and SUSY play a role here. 



The main goal of the present paper is the extension of our previous analysis 20 
to — mixing and in particular to the mixing-induced CP violation in the charm 
system, where CP violating effects are predicted to be tiny within the SMJ^ The three 
basic questions that we want to address follows: 

• Are large 4G effects in the charm system still possible if consistence with all avail- 
able constraints from tree level decays, particle-antiparticle mixing, e' /e and rare 
decays in the K, B^ and Bg systems is required and also electroweak precision tests 
are taken into account? 



Can the large 40 effects in the B^ and Bg systems found by us in 20 still be 
maintained in the presence of constraints from charm data? 

How are the 4G effects in the B^ and Bg systems correlated with the corre- 
sponding effects in the charm system? In fact, strong correlations between the 
— and — systems in models with purely left-handed currents have 



been pointed out in 31 and analysed also in 32 



From the point of view of charm physics, the present paper follows the strategy of our 



previous papers on this topic in the context of the LHT model 32 and supersymmetric 



models 33 . We will not repeat in detail the description of the SM4 and of the structure 
of the 4G mixing matrix since a detailed presentation of this model can be found in f20], 
where the same notation as in the present paper is used. Similarly, we will not repeat 
the formalism of — mixing as it is presented in |29l|3l||32l|34[|36) in a notation 
suitable for our purposes. 

Our paper is organised as follows. In Section [2] we briefly recapitulate the basic 
ingredients of the SM4 which are needed for our analysis and we present the effective 
Hamiltonian for D^ — D^ mixing in this model. Subsequently, we discuss in explicit terms 



the connection between D and K physics pointed out in 31 , which in the SM4 turns 



out to be not as transparent as in LHT 32 . To this end we consider different scenarios 



for the V4G mixing matrix which have been analysed in detail in our previous paper (20]. 



^See however 30 
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Section[3]is devoted to our numerical analysis. Here we study a number of correlations 
between different observables and we address the three questions posed above. We 
summarise our results in Section IH 



2 Relevant Formulae and Analytical Considerations 



2.1 The Effective Hamiltonian 

The effective Hamiltonian for AC = 2 transitions following from the usual box diagrams 
and including the contributions from the 6'-quark is given as follows 



-T/AC=2 



^2 



167r2 ^ 

+ 2Af ^Af )r/if 5o(x,, Xs) + 2Xi^hf^4!'JSo{x,,, x.) 



-6/25 



1 + 



An 



J, 



where 



and 



Q{AC = 2) = {uc)v-a{uc)v-a, 



A 



V*V ■ 
y ci ^ui 1 



which satisfy the unitarity relation 

Af ) + Af ) + Af ) + = . 
For the QCD corrections we will use the approximate relations 



Q(AC = 2) +/I.C., 
(2.1) 

(2.2) 

(2.3) 
(2.4) 



{D) (K) 
Vb'b' ~ Vtt , 



(D) (D) (K) 

%'b - %'s ~ Vet 



'Iss ~ 'Ibb ~ 'lbs ~ 'Ice 5 



(2.5) 



which are found by inspecting the structure of QCD corrections in the — and 
— systems. In this context let us remark that with my defined as myimy) the 
QCD factors are only weakly dependent on rrib'. Moreover we recall that the /i-dependent 



QCD corrections in (|2.1|) are absorbed in the renormalisation group invariant parameter 

-6/25 , ai'^\fi) 



Bu. This parameter is defined by 



1 + 



An 



(2.6) 
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From lattice calculations 



37 



39 



one has Boifi = 2 GeV) = 0.845 ± 0.024+°;°^^^ and 



with J4 = 6719/3750 |40] and as{Mz) = 0.1184 ± 0.0007 |4T], we find 

^D = 1.18l°;°L (2.7) 
which will be used in our numerical calculations. 

2.2 CP Violation and Mixing Parameters 

The short distance (SD) contributions to the matrix element of the efi^ective Hamiltonian 



(2.1 ) can be written as 



where 



MF2 = ^FlBnmnM^M^,, (2.9) 



with 

+ 2Ai^)*Ap)*e)5o(x,,x.) + 2X^f^*Xi^^*r^iPSo{x,,x.) + 2X1^ xf^* So{x, , x,) . 

(2.10) 



Here we used the approximations given in (2.5). The full matrix elements then are given 
by 

{mK^='\D') = {Mg + M^^y - '^\r , (2.11) 
mK^='m = {Mg + M\^) - '-T\^ . (2.12) 

Here and M]'^ stand for long distance (LD) contributions with the former arising 
exclusively from SM3 dynamics. These contributions are very difficult to estimate and 



will be included in our phenomenological analysis using the strategy of 32 , 33 



2.3 Connections Between D and K Physics and Beyond 



In 31 , the connection between — Z)° and — mixing has been discussed within 
the framework of approximately 5'f/(2)L-invariant NP models. Due to the connection 
between up- and down-type quarks in the SM3 through the CKM matrix, the NP con- 
tributions to - D° and K° - K° mixing are not independent of each other. This 
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observation has been used in 31 to derive lower bounds on the NP scale in various NP 
scenarios, which emerge if the experimental constraints on — Z)° and — mixing 
are applied to only the {V — A) ® {V — A) contribution. 

The LHT model which contains only {V — A)® {V — A) operators belongs to the class 
of models where the connection between D and K physics is particularly transparent. 



A detailed analysis in this context has been performed in 32 . There it has been found 
that 

• The correlation between the K and D systems implies that large NP effects in K 
and D decays are possible simultaneously. 

• On the other hand simultaneous large NP effects in D and B decays in the LHT 
model are unlikely. Indeed while either the CP asymmetry S^^{Bs) in Bs — Bg 
mixing or \q/p\ in the — system can deviate significantly from their SM3 
predictions, it is unlikely to observe large deviations from the SM3 in both quanti- 
ties simultaneously. The improved measurements of 5*^0 (-Bs) at the Tevatron and 
the LHC in the coming years will therefore have a large impact on the possible size 
of CP violating effects in D decays within the LHT model. 

• The above observations are consistent with the fact that large simultaneous effects 
in K and B decays in the LHT are found to be very unlikely l25l[26l|42] . 



It is of interest to understand whether this particular pattern of correlations between 
jjo _ jjo g^j^j^ j^o _ j^o ]2iixing can also be found in the SM4. Analysing the structure of 
the SM4 contributions we find, although the SM4 again only involves purely left-handed 
operators, that NP contributes in a different manner as compared to the LHT model or 
the general type of models studied in [31]. The most important difference is the non- 
unitarity of the 3x3 submatrix of the CKM matrix in the SM4. Therefore not only 
the short-distance Wilson coefficients of the {V — A) ^ {V — A) operators are modified, 
but also the CKM elements in front of the SM3 contributions generally depend on the 
4G mixing angles and phases. From this, it is immediately clear that — in contrast to to 



the situation assumed in 31 — the primary interest is not to use — Z)° and — 
mixing observables in order to derive a lower bound on the relevant NP mass scale. In the 
contrary, after fixing reasonable ranges for the t' and h' masses from considerations in the 
electroweak sector, the flavour observables now generally depend in a rather complicated 
manner on the 4G mixing parameters, the short-distance loop functions involving 4G 
and SM3 quarks, and long-distance matrix elements. Focusing on the — sector 
and using the standard parametrisation of the 4G mixing matrix together with 9ij <^ 1, 
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one finds the rather simple approximate expressions 

Af ) ^ s,2 , A[^^ ~ si3 S23 e-*'" , Xi^^ ^ a, 2 = si^s^Ae'^'^'-'^'^ . (2.13) 

We observe that the new contributions from the 6'-quark essentially constrain the mag- 
nitude and phase of the parameter combination (T12. In particular, we expect sizable 
contributions to — mixing observables if X\f^ competes with A[^^ appearing in 
front of the short-distance contribution in the SM3, i.e. if 

S14S24 ^ si3 S23 ~ , (2.14) 

where we indicated the scaling with the Wolfenstein parameter A = S12. The analogous 
expressions for the CKM factors A^^"* and Ai^\ relevant for — mixing, can be 



found in Section 9.2 of 20 . Here, it is generally found that the expressions depend 
on all five new 4G mixing parameters. Consequently, the correlation between — Z)° 
and — mixing observables is rather involved. Some simplification arises if one 
concentrates on specific scenarios, where the 4G mixing angles scale with particular 
powers of the Wolfenstein parameter A, but still the different loop functions for t and 
t'-quarks prevent us from deriving simple analytical expressions as compared to the 



decoupling scenarios considered in 31 



3 Numerical Procedure and Results 

In this section we are going to present the results of our numerical analysis. First we 
will discuss the general procedure we have used. Subsequently we will discuss our results 
for various observables recalling, where necessary, some definitions from our previous 
papers on — Z)° mixing. For all plots we will use, if not indicated otherwise, the same 



colour-coding as in our previous analysis of the SM4 20 where we dealt with mixing 
and rare decays in the K and B meson systems. This colour coding is given in Table [T] 
and allows to distinguish between sets of SM4 parameters for which the CP asymmetry 
S^fp{Bs) in the Bg system and the branching ratio Br(Bs — )■ /U^/U^) assume certain values. 
Furthermore, the light blue points correspond to Br(KL — ?■ n^uu) > 2 ■ 10^^°, while dark 
blue points indicate Br(KL — ?■ vr^z/z/) < 2 ■ 10^^°. This colour coding will give us some 
insight into the correlations between the different mesonic systems. 

3.1 Strategy for Our Phenomenological Analysis 

For our analysis we use the points generated for our previous analysis l20]. For the LD 



contributions and M^^ we adopt the same procedure as in 33 : We scan flatly over 
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BSl (yellow) 


BS2 (green) 


BS3 (red) 




0.04 ±0.01 


0.04 ±0.01 


> 0.4 




(2 ±0.2) ■ 10-9 


(3.2 ±0.2) • 10-9 


> 6 ■ 10-9 



Table 1: Three scenarios for S^^{Bs) and Bt{Bs — ?■ fi~^^ ). 



parameter 


value 


parameter 


value 


Vcc 

Vtt 

Vet 

Bd 


1.51 ±0.24 
0.5765 ±0.0065 
0.47 ±0.04 
(0.212 ±0.014) GeV 

1 1O+0.07 


46 
40 
47 
48 




rriD 
td 

mb{mb) 


(1.86484 ±0.00017)GeV 
(0.4101 ±0.0015)ps 

(1.268 ± 0.009) GeV 49 
(4.20l°:J^) GeV 


50 
43 





Table 2: Values of the input parameters used in our analysis. 



the intervals 



-0.02 ps"^ <Af^f < 0.02 ps"^ , (3.15) 
-0.04 ps-i <r^2° < 0.04 ps-i , (3.16) 

while requiring xd, Ud and \q/p\ to be within 2(T of their experimental values. The latter 



with their Icr ranges are given by [43 -45 

XD = (0.98^°!^) % , 
\q/p\ = (0.87^°;}^) , 
VfSfiD) = (-0.248 ± 0.496) % 



Vd = (0.83 ±0.16)% 



(3.17) 



with (f being the phase of q/p and the asymmetry rifSf{D) defined in (3.20). BaBar 
recently presented preliminary results for xd compatible with xd = 0. Because of the 
large relative error and the presence of potentially large LD contributions, we will however 
not elaborate on these new results and use the HFAG averages. 

3.2 The SD Contribution to - Mixing 

We now turn our attention to the SD contributions which are summarised by the ampli- 
tude in (2.10). In Fig. [l] we show this amplitude in the complex plane. The striking 
features of this plot are the following 
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i) We observe a clustering of the red points (indicating large S^^{Bs) and Br(i?s — )■ 

-)) along the Im(Mj^) = axis. Furthermore, for this class of points, signifi- 
cant positive values of IM(M]^) are possible, while a rather stringent lower bound, 
Im(Mi^) ;^ -2 ■ 10-3 is found. 

ii) For Re(M]^) > 0, values ranging from very small up to a factor of four larger than 
the maximal values of Im(M]'^) are possible. For Re(M]^) < 0, only very small 
values are allowed due to the stringent Ek constraint. 

iii) The largest values for Im(M]^) are found in the light blue scenario corresponding 
to large values of Br(KL — t- tt^uu), which is governed by CP violation in the K 
system. We conclude that large CP violating effects in the D system entail large CP 
violating effects also in the K — )■ nuu system, while the converse is not necessarily 
true. 



0.010 I r 




-0.010 - 

0.00 0.01 0.02 0.03 

Re(Mj^)[ps-l] 



Figure 1: The imaginary part as a function of the real part of Mj 



3.3 CP Violation in the - System 



In Fig. |2]we show the semileptonic CP asymmetry aa,i^[D) as a function of \q/p\- This 
asymmetry represents CP violation in £(AC = 2) and is related to \q/p\ simply by 



asL(^) 



V{D^{t) i-uK+(*)) + r(L)0 ^ £+z/i^-W) |g|4 + 



(3.18) 
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0.6 0.7 0.8 0.9 1.0 1.1 1.2 

iq/pi 



Figure 2: The semileptonic CP asymmetry ash{D) as a function of \q/p\- 



In writing the last expression, we have assumed that \q/p\ — l is much smaller than unity, 
which is supported by the data listed in ( |3.17[ ). 

We observe — in accordance with Fig. [T] — that in the red scenario, in which CP vio- 
lation in the Bg system is large, the asymmetry asL(-D) in the D system in the allowed 
range of \q/p\ is small but still much larger than in the SMS: 

[«SLp)]sM3^ 1-10-^ (3.19) 

Significantly larger values are found in the other scenarios in which S^^{Bs) is SM-like 
but Br(KL — > TT^uu) might be strongly enhanced. 

Of particular interest is the time-dependent CP asymmetry Sf defined by 32 

T{D%t) -> /) - r(D°(t) ^ /) 



Sf{D) 



2td 



which is given by 

VfSfiD) 







1 




p 




1 


+ 


p 






Vd 








^ COS if — Xd 






^ sin Lf 






P 




q 


P 




q 





(3.20) 



(3.21) 



where rij = ±1 is the CP parity of the final state /. The SM3 prediction for rifSf{D) is 

[%^/P)]sM3^ -2■10-^ (3.22) 



Other useful related formulae can be found in 31 33 36 



In the absence of significant CP phases in the decay amplitudes for D° — )■ /, the 
asymmetry Sf displays a strong correlation with the semileptonic asymmetry asL(-D) [32], 



X 



D 



Vd 



(3.23) 
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A similar correlation is familiar from the Bg system [51 53 . In the presence of significant 
phases in decay amplitudes — )■ /, formula (4.23) in [32] instead of (3.21, 3.23) applies. 

In Fig. [3]we show r]fSf{D) as a function of the phase (left panel) and as a function 
of ash{D) (right panel). These plots are familiar from the model- independent analysis 
in [33] and are self-explanatory. In particular in the red scenario the points cluster 
around r]fSf{D) ^ 0, but still rjfSf{D) can be much larger than found in the SM3. 
Again extreme values are only found for the /ight blue points corresponding to a large 
enhancement of ^i{Kl — )■ ti^vv). 



1.5 
1.0 
0.5 
0.0 
-0.5 
-1.0 
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Figure 3: Model independent correlations between rifSf{D) and (p (left panel) and asL 
(right panel). 



3.4 Correlation of — Mixing with the K and B Systems 

In order to get some insight into the correlations of the D system with other meson 
systems, we show in Figs. |4]-[7] a symphony of plots which depict the dependence of 
rifSf{D) on a number of prominent observables in the K and Bg^ systems: 

• In the left and right panels of Fig. [4] we plot rjfSf{D) as a function of Bt{Kl — )■ 
n^uu) and Br(K+ — )• tt+z/z/). We observe that values of \rifSf{D)\ up to ~ 1% 
are found in the region where Bt{Kl — t- tt^uu) and Bt{K^ — t- tt+z/z/) are strongly 
enhanced, but also rjfSf{D) = is possible in this region. 

• In the left and right panels of Fig. [5] we plot rifSf{D) as a function of Bi{Bd — )■ 
;U+yU~) and Br(i?s fi^fi"), respectively. As expected, for very large values of 
Bt{Bs — i- fi^fi^), rifSf{D) tends to be within the experimental la range and thus 
small. On the other hand, we find that even for SM-like values of Bs — ?■ /i/i and 
S^tf){Bs), maximal values in rifSf{D) are attainable. Both effects are even more 
pronounced in the case of Br{Bfi — )■ fi^fi^). Thus for some values of By^B^ 
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^^fi ) in conjunction with r]fSf{D) we are able to predict ranges for Bt{Kl — )■ 
TT^uu). The D system in this sense acts as a hnk between the K and B systems. 



In Fig. |6] we plot rifSf{D) as a function of the mixing-induced CP asymmetry 
S^if,{Bs) in the Bg system. While many of the features in this plot are self- 
explanatory on the basis of previous plots, the striking result is that for S^^j^^Bs) > 
as signalled by CDF and DO data, rifSf{D) is predicted to be within its experi- 
mental la range and thus small. 



As was pointed out in 20 , the measured value of e' /e practically eliminates large 
CP violating effects in the Bg system. In order to study this constraint in the D 
system, in Fig. [7]we show e' /e as a function of r]fSf{D) for different values of the 
non-perturbative parameters {Rq,Rs). We observe that e'/e additionally implies 
negative or small positive values for rjfSf{D). Large negative values for rjfSf{D) 
however are only possible if also significant CP violation from 4G in the K — ?■ -rvv 
system is present. 




Figure 4: T]fSf{D) as a function of Bt{K^ — )■ vr+z/z/) (left panel) and Bt{Kl — t- tt^uu) 
(right panel). 
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Figure 6: rifSf{D) function of S^^{Bs). 
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-1.5 -1.0 -0.5 0.0 0.5 



,ffSf[%] 



-0.5 0.0 0.5 
,lfSf[%] 



0.010 
0.008 
0.006 
0.004 
"IT 0.002 
0.000 
-0.002 
-0.004 




-1.5 -1.0 -0.5 0.0 0.5 



,lfSf[%] 



Figure 7: e' /e as a function of the CP asymmetry rifSf{D) for four different scenarios 
of the non-perturbative parameters: {Rq,Rs) = (1.0,1.0) (upper left panel), (1.5,0.8) 
(upper right panel), (2.0, 1.0) (lower left panel) and (1.5,0.5) (lower right panel). 



13 



3.5 Interplay between CP Violation in the K, D and Bg Sys- 
tems 

Let us, for illustration, consider an extreme situation where we take the constraints on 
the 4G parameters from the present experimental and theoretical situation regarding 
e' /e and S^^{Bs) at face value. To this end, we restrict our set of allowed 4G parameter 
values to fulfil the 2a range for e'/e and either S^^{Bs) > or S^^{Bs) > 0.2. For 
the remaining points, we plot again rjfSf{D) as a function of asL(-D) and thus obtain a 
rather constrained prediction for the impact of the 4G in the charm system, as shown 
in Fig. [s] In particular, we find that the requirement 5'^<^(Ss) > in conjunction with 
the imposition of the constraint from e'/e drastically reduces the possible NP effects 
with respect to those shown in Fig. [3| but still allows for moderate effects in asL(-D) and 
r]fSf{D), where rjfSf{D) < [77/5'/-(-D)]sm3 is slightly favoured. Demanding S^^{Bs) > 0.2 
on the other hand precludes almost any deviation from the SMS prediction, regardless 
of the values of the hadronic parameters i?6; R& entering e'/e. 




-0.2 -0.1 0.0 0.1 0.2 0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 

Figure 8: Prediction for the CP violating parameters r]fSf{D) vs. ash{D) in the charm 
system for 4G parameters restricted to fulfil the 2a range for e'/e and S^,f){Bs) > (left 
panel) or S'^<^(i?s) > 0.2 (right panel). The colour coding is according to Table 5 in [20] 
and indicates the particular values of the hadronic parameters and Rg entering e'/e. 

3.6 Scaling Scenarios 

In [20], we have shown that it is useful to characterise the hierarchical structures in the 
4G mixing matrix by dividing the parameter space into subclasses, which are defined by 
the scaling of the 4G mixing angles with the Wolfenstein parameter A and the correlation 
between the 4G CP phases Sm and 624 which is induced by the constraints from precision 
flavour observables. Let us, as an example, investigate the correlation between the time- 
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dependent CP asymmetry rifSf{D) and the semileptonic asymmetry asL(-D) in the 



decays for the individual subclasses defined in 20 , see Fig. |9} (We have not shown 
results for subclasses 4 and 5, as they only lead to tiny deviations from the SM, since 
condition (2.14) is not fulfilled.) As in the case of 5-meson and i^'-meson observables, 
the correlations between asL(-D) and rjfSf{D) are quite different for different sub-classes, 
allowing again for a clear separation with respect to the possible scaling behaviour of the 
4G mixing angles. Similar plots can be drawn for the other correlations studies above. 



As a further example we study the 4G parameter points identified in Section 3^ that 
are consistent with both the recent experimental data from CDF and DO implying sizable 
S^^{Bs), and the measurement of e'/e. When studying the scaling of the 4G mixing 
angles and the correlation between the 4G phases for these points, we find — for example 
requiring that S^fj,{Bs) > 0.2 — that the bulk of parameter values has (6'i4, 6^24, 6*34) ~ 
(A^, A^, A) and — tt < 614 ~ 624 < 0. In terms of the subclasses which we have discussed 
above, this corresponds to class la (and to a somewhat lesser extent class 3b). A few 
points with (6'i4, 624,, Os^) ~ (A^, A'^, A) survive, too, but as we already explained above, 
they correspond to the uninteresting case where the 40 effects in the charm system are 
very small. Thus, as was the case in our previous analysis 20 , we find that there is a 
strong connection between the phenomenological predictions of the SM4 on the one hand 
and the scaling of the mixing parameters 6i4 in powers of the Wolfenstein parameter A 
on the other hand. 
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Figure 9: Correlation between r]fSf{D) and asL(-D) for the individual subclasses c 



in 20 . The colour coding of the points is as explained in Section 3 
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4 Conclusions 



In the present paper we have analysed the impact of a 4G of quarks on the — 
system taking into account all existing constraints. In addition we have investigated the 
correlations of the D system with the prominent observables in the K and Bd^s systems. 
The main messages from our analysis follows: 

• Large 4G effects in the CP violating observables a^hiD) and r]fSf{D) are possible 
and consistent with the available data. The effects are found to be as large as a 
few times O{10~^) for asL(-D) and up to ~ 1.5% for rifSf{D), although this seems 
to be disfavoured by a small ip^xp ~ —8°. Compared to the SMS predictions for 
these asymmetries, ash{D) ~ 10"'^ and rifSf{D) ~ 10~^, even the more moderate 
enhancements allowed by the current data are still spectacular. 



• The large 4G effects in the and B^ systems found by us in 20 are still 
compatible with the current constraints from the charm data. 

• While simultaneous large 4G effects in the K and D systems are possible, large 
effects in B^ generally disfavour large NP effects in the D system. In the Bg system 
large CP conserving effects are found to be possible regardless of the predictions for 
the D system, while large CP violating effects can only occur if rifSf{D) does not 
deviate from the experimental measurement by much more than la. Conversely, 
significant enhancement of S^^{Bs) above the SMS value will not allow large CP 
violating effects in the D system with the 4G scenario. 

• Additional imposition of the e' /e constraint significantly diminishes 4G effects in 
CP violating observables in the D system. This observation is to a large extend 
independent of the actual values of the hadronic parameters -Re and R% entering 
e' /e that still suffer from significant theoretical uncertainties. 

In the light of these findings we are looking forward to improved data on charm and 
its correlations with B and K physics measurements to be discovered in the upcoming 
decade. 
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